The minimum electric field required to generate an OAUGD plasma in air is about E = 1.0 MV/meter (10 kV/cm).
Assuming a typical commercial transport flight velocity of U = 300 m/sec, the force ratio on a singly charged particle is given by the quotient --E/UB --3.3 xl04. In other words, the electric force on such a charged particle is more than four orders of magnitude greater than the maximum practicable magnetic force.
To examine the ratio of boUv forces, the magnitude of the electrical current and charged particle number densities rnust be considered as well.
For the plasma considered in this report, a charged particle number density, N = 1.0x 10_T/m 3 is characteristic.
A maximum current density corresponding to the glow-to-arc transition, J = 10 4 A/n-l 2, is assumed as a value not likely to be exceeded in any glow discharge plasma application. The body force ratio is then given by the quotient rB = qN<E/JB where q is the electronic charge. This yields rn = 16, or an EHD body force more than one order of magnitude greater than that of the MHD body force. The tip was fabricated from flattened, stainless steel hypodermic tubing.
The tip height was 0.28 mm and the width was 0.65 mm.
The probe was far enough downstream of the energized panel to prevent any electrical arcing to the instrument.
The initial height of the probe above the wall was set by monitoring electrical contact between the probe and metallic wall. The probe was raised through the boundary layer with an automated stepping motor-driven slide mechanism in 0.5 mm increments. A typical profile was acquired quickly (in about 30 seconds) to prevent heating the panels, which could cause their adhesive backing to weaken and release. Pitot differential pressure was measured 5 American
Institute of Aeronautics and Astronautics between the probe and a static pressure port of the tunnel wall with a high accuracy capacitive or piezoelectric gauge. Representative results from a panel with symmetric electrodes, each electrode a copper strip 0.5 mm wide with centers spaced 10.5 mm apart, are shown in Figure  5a for the streamwise electrode orientation (panel C7-A), and in Figure 5b for the spanwise electrode orientation (panel C7-C). Each of these displays the expected power-law Reynolds number dependence for the "plasma off" condition.
Note the change in slope of the "plasma off" curve in Figure 5a or 5b in the range of 7-8m/s, corresponding to transition from laminar to turbulent flow.
For the "plasma on", streamwise electrode case, a substantial increase in drag is observed. This is due to several factors.
As will be shown, the plasma excitation for velocities below about 7 m/s (laminar region) trips the flow to full turbulence, partially explaining the drag increase in that region.
The drag increase persists, however, to the highest attainable velocity of the wind tunnel indicating that more than just flow tripping is involved. For the "plasma on", spanwise electrode case, a smaller drag increase is produced and only in the laminar/transitional region. The difference in behavior between the two cases along with evidence presented later in the paper suggests the formation of strong, EHD-driven, streamwise vortical structures in the boundary layer for the streamwise-oriented electrode case. Figure  6b shows the same conditions as Figure  6a , but at a higher electrode voltage of 5 kV rms.
Because of the higher electric field at this voltage, the vortical structures develop sooner, are more compact, and break down sooner. The presence of the plasma generated by the symmetric electrode configuration constitutes a very strorig tripping mechanism. Figure 6c shows the smoke pathlines for the case of a single, isolated streamwise electrode above a planar lower electrode. The electrode strip is 0.5 mm wide. The velocity is 4 rrds and the wire height in this case is 2 mm. Near the leading tip of the electrode, the smoke pathlines appear initially to symmetrically converge towards the electrode, forming counterrotating vortical structures which quickly become turbulent. This process occurs along the length of the electrode, giving rise to the spreading effect observed.
.
-. . _,?/-= _fj +._ ",, Figure  6c is further evidence of strong EHD forces in play.
(Also observed in Figure  6c are quasi-two-dimensional wave crests upstream and to the sides of the vortical structures.
These waves were also present without the plasma, and are presumed to be laminar instability waves (TS waves) Figure 9 presents similar data, also from the streamwise electrode configuration, with the pitot probe directly behind one of the streamwise electrodes. Figure  10 shows the profiles downstream of spanwise oriented electrodes on panel C7-C.
The profiles for the streamwise case ( Figures  8 and 9) show a dramatic alteration of the flow due to interaction with the plasma that diminishes with increasing velocity. There is a large acceleration of the flow near the wall and a retardation farther out. The cases of the probe between and behind the electrodes are qualitatively similar, but differ in magnitude.
Smoke wire (e.g., Figures  6(a,b) ) and hot wire diagnostics show that the energized, streamwise electrode patterns effectively trip the flow, and that any between-electrode/behind-electrode differences are largely mixed out at the end of the panel. For the spanwise case in Figure 10 , the effect is largely limited to the laminar flow condition, with little effect in the transitional case and virtually no discernible effect in the turbulent case.
(The step-wise appearance of the data in Figure 10(a) is an error due to a mismatch between the pressure sensor and A/D converter ranges. The trend of the data is valid.)
The profiles corroborate the drag and smoke wire data. For the streamwise electrode case, there is a substantial retardation of the profile affecting the entire boundary layer. This increases the boundary layer momentum deficit and qualitatively corresponds to the large increase observed in the drag in Figure 5a . For the spanwise electrode configuration shown in Figure 10 , a significant effect is evident only in the laminar regime, with a similar effect on the drag (Figure 5b Figure 11 . For most models studied during these tests, however, plasma ignition occurred twice per cycle (see Introduction).
There was a noticeable variability in the current waveforms for the various panels and excitation voltages, which are the subject of ongoing study.
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Drag Reduction Data
Probably the most interesting data taken during this study were those from the asymmetric panels which were designed to unidirectionally accelerate the flow. The smoke flow visualization of Figures  6a and 6b with symmetric electrodes indicate an attraction of the flow toward the electrodes.
If the electrodes are fabricated in an asymmetric manner, such as the geometry illustrated in Figure 3b , an unbalanced paraelectric EHD body force is exerted on the plasma/flow field, and a corresponding force is exerted on the panel on which the electrodes are mounted.
(The term paraelectric refers to the fact that the observed attraction of the smoke towards the electrode is independent of the instantaneous electric polarity of the electrode.
It is used in the same sense as the more familiar phenomenon of paramagnetism). The resultant force can be in the direction of the airflow (co-flow), or opposite the free stream flow (counter-flow) depending on the orientation of the electrode asymmetry. Figure  12 illustrates the production of a force (thrust in this case) by panel E6-C mounted on the wind tunnel drag balance, but with no flow.
Due to previously mentioned wind tunnel modifications, the electrostatic drag correction is insignificant.
The plasma was operated at 3.0 kilohertz and the electrode spacing was 8.5 mm between the centers of spanwise electrode strips each 0.5 mm wide.
The asymmetric strips on the bottom of the panel were located at only one side of the top electrode strips. These bottom strips were 3.0 mm wide, and separated streamwise from the top strip by about 0.25 mm. This is not necessarily (and is probably not) an optimum geometrical configuration to produce thrust, but nonetheless illustrates the asymmetrical force effect. Figure 14 shows the difference between the plasma-on and plasma-off drag for the asymmetric panel E6-C in both the coflow and counter-flow velocity fields. Note that the ordinate of Figure  14 is the absolute value of the drag difference.
For The net effect is to have a large EHD force in one direction (downstream in the co-flow case) and a smaller force in the opposite direction. were the induced velocities of up to 0.5 meters/sec at distances at least 3 cm from the wall, which occurred for "all driving voltages.
Figure
16a and 16b are photographs of the influence of the OAUGDP on a laminar jet of smoke injected above a single, asymmetric electrode arrangement. The test was conducted in a still air chamber.
The "smoke" in this case was actually titanium tetrachloride (a   commonly  used  white  flow  marker  chemical) injected manually in a slow,. steady stream from a plastic squeeze bottle. The plasma is not visible in Figure  16 due to the strong illumination required for the smoke. The paraelectric forcing in Figure  16b causing the jet to deflect towards the electrode is evident.
In terms of a phenomenology, the flow of the smoke and the air which it marks responds to paraelectric EHD effects in the following way.
In Figure  16b , the flow is drawn downward by a low pressure above the low electric field gradient region of the plasma, entrained in the ion-driven plasma flow toward the region of high electric field gradient, and forced outward by the region of high (plasma stagnation) pressure along the surface of the panel. The flow is rapidly accelerated away from the region of high gas pressure and high electric field gradient (primarily to the left of the electrode due to the asymmetry but also to a lesser degree to the right as well). This effect is responsible for the blowing velocity profiles illustrated in Figure 15 .
The behavior shown in Figure  16b is consistent with a pure paraelectric effect on the plasma and on the flow which it entrains.
It filtered with a 4th-order Butterworth low pass filter at 0.5 Hz, and calibrated against an applied streamwise force.
The resultant resolution was about 10 milligrams. The absolute, systematic error is estimated to be less than 5% of the actual value and much better for comparative measurements.
Discussion
The goals of this study, as discussed in the introduction, were to demonstrate that EHD forces could be generated of sufficient magnitude to alter wall turbulence and drag, and to demonstrate that such forces can lead to a useful control mechanism. The first goal was clearly met, and was limited only by the voltage of the power supply.
The latter must also be considered a success, since it has been demonstrated that EHD forcing can generaie significant body forces on the neutral gas tlow. Several key questions were addressed by the diagnostics conducted during this study.
The cause of the dramatic drag increase which occurs for the symmetric streamwise electrode arrays (Figure 5a ) is clearly associated with formation of the symmetric streamwise vortical structures evidenced by both the smoke wire flow visualization (Figure 7 ) and the pitot tube velocity profiles ( Figures  8 and  9 ). Conversely, the much smaller drag increase associated with the symmetric, spanwise arrays (Figure 5b ) results from the lack of streamwise vortex formation and advance tripping of the turbulent boundary layer on the panel. For the case of the asymmetric spanwise electrode panels (e.g., model E6-C), the directed thrust leading to a drag increase or decrease results from the same mechanism that causes the vortex formation in the streamwise, symmetric case. This is clear from the still air smoke flow visualization ( Figure 16 ) and the noflow blowing profiles (Figure 15 ).
The possibility of a local wall heating mechanism deserves closer attention, but is not a primary mechanism responsible for the observed model behavior. However, this is beyond the scope of current investigations. Figures 8 and 9 show that the effect on the plasma is spread across the entire boundary layer for the streamwise symmetric electrode case. It seems clear that a major vortex-dominated mechanism is in play. This is evidenced by direct manipulation of the streamwise flow by EHD forces in the (initially) laminar smoke wire data shown in Figure  6 . 
Future Plans

